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caloulatod pressure distillxitiono* 



'file inflxsGuce of viscosltsy iri h/porsoaic flow was derions tra'ted by 
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an induced pressure rise of ay^preJtL'iato'iy h% above thoox^tical iiiViscid 
pressure for liio lowest Reynolds nu'iber tested* 
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The subocrlpt "1” rofci’s to co.iclitions in t!ic free s trecors aiioad 
of tlK3 coi^lcnl sliodc, and tiie subscript '*2'' ici'ors to local conditiozos 
on tiic cone surface. Statyiation values are dctiotod by the su'oscript “0”. 
A sccoiid subscript “i” xefore to inviscid flow values. 
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I. LITiODUCTKXJ 



Uith the advent of hypersoriic fli,,ht, attention is quite 
natuiully directed to the conplicated pxxjbloae associated xiith oucli liitjh 
speeds. One aspect of i)yix;raonic fli^^;ht is the corplex "interaction" 
lx5txroen the viscous and inviocid prc^rtlcs of the fluid, Tlic boundary 
layer is considerably tliiciccr at l^ytxjrsonic speeds, arid in addition, 
tiu3 shod: x/ave lies cmdi closer to the od^e of the boundaiy layer* The 
deflection of tlio streanliiies indxicod by the boundary layer amounts to a 
sicnificant ciTanj^o in the shjpe of the body, and tt.is in turn affects 
the shape of the shock x/ave, Becaxise of tiie interaction, the actual 
pressure distribution over a body in Ixypersonic fli^Jit nay vary con- 
sidea^ably fron tiiat predicted by in'viscid tfioory, 

TSie pix)blm of tlie effect of tlo intoractiqix betv/oen alxock wave 
ixnd boundaiy layer has been tiie subject of a nunber of tixeorotical and 
e^axerinaitaJL investicatioixs (Of, Refs, 1 to U), Since only United data 
on pressure distrLbutions in tlie hytXxrsMiic speed ranee arc avcdlable, 
an investigation to detemine tlxo static prossuro distribution over an 
xa:iyaijed cone \jss undertalccn. Ho attaxpt xjas made to fomulato new 
tlieoiy* It x;as desixrod to obtain tixe infomation so Uiat it would be 
available for further studies. 

This investigation xins conducted at a noranal Mach number of 5*0 
in Leg ho, 1 of the GALCIT {^peraonic Tunnel, The design and 
iiaterials of tlie model xjero ciwsen so tixat it mifjht later be lued in 
Leg IJo, 2, at a Mach nu iber of 10, 
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II* ix,uii»..:iT a;d r. 

A* V/irui Ttcmol Doscrijjtion 

Tno oxpoidncntal procrai vns conducted in the GALCIT 5” x 5*’ 
Itypcrccnic VJind Tumol, Lc*^ lio. 1* This is a continuously operating;, 
closed return type ticinel viith tiio required ca^nrosslon o\applied 
five stories rna.de lip fren tliizSioen Fullei* iiotary Conpresco*'0* iJlien 
necessary an additional compressor sta^:© consistin{' of Ini^ersoU Rocipro- 
catins Canprosoors nay bo utilised. Bio compressors and valvi.rg in tiie 
systam wore operated fren a remote control panel adjacent to tiio tost 
section* 

Ihe air heating sj^ten consisted of a multiple-pass heat exdianger 
and used suporiioatod steam as a heating nodiun* 

Drying of the air uas accos:?jlished by use of a 2200 pound bed of 
silica gel* This x^as reactivated by on integral blouer heater condenser 
system* Tlio naxinun uater content was kept below 100 ppm (parts per 
raillion) by uci£^t* 

Oil removal vns accor^lishod ty use of cyclone separators follow- 
ing each compression stage and by finely divided carbon canistorsp 
porous carlxra filter blocics and a fiber glass filter. Bie presence of 
oil in tlie air was due to tlio lubrication system required by tiie rotaiy 
ooraprensors. Air used during tho tests contained approxinatoly 2*5 ppn 
of oil by x^ei[^t* 

Tao nos ale blocks xjero desiignod by tho Fools ch method and 
corrected for an estonated boundary layer dioplacaoent triciaiess* 

Static pressure orifices xrere installed at one indr intervals aloni; tire 
top and bottom noszle blocks* A coj-ijDarison of tho actual pressure in tlie 
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tost riio'ibius x.’is riado xtLtii calibration data fixy.a ticinol-onpty presouro 
siir/oys* 

A sclniatic dia(;rc!n of tne plant is olioim in Fi[j, 1* 

Bj; Inst nciontat ion 

All static picssxirGG xiors neasurod by a 32-tube vcictoiri-rcfeKJiiced 
lixaiios.xetcr using DC-200 silioone fluid, A Tato-Jinory nitrogon balanced 
£ 0£0 measured tumel stagnation pressuroi tliis pressure ;/as oontrelled 
uitiiln i.oU psi by a Minneapolis Konoyiroll Breini controller, 

Sto(;nntion teraporat-ure vias Measured by a Uxon:jocouplc probo located 
one indi upstrcan of tlx3 nozzle tfiroat and controlled ly a Broxm Controller, 
Otlior terTpox'aturec necessary for plant oporation xjcre recorded by a 20 
poitit Leeds and llordirup recoidor, 

A sclilieren s;;stm using a BH-6 steady source vjas used for tlK) 
schlieron photogrcwlis, 

C, Model Description ^ 

ITie basic model xcis a slender cone x;ith semivertex angle of 
Two separate models were r-iade; Iwth were corrstructed dji tire saac naiinerp 
althoUigh til© orifice locations uovo different. Teats vrere made on botli 
laodelsj hoxroverp all the data presented in tlxis re^jorb ;«re trucen from 
raos made on tiie second model. 

The model x^as constructed in tvro parts, as shown in Figs, 2 and 3* 
The conical frustnm \Kis 1|,72" long, \ritix large base dianeter of 1 inclv 
and small base diameter of ,17^ inches. Into the small base could bo 
fitted the separete conical tips vrhich x/ere 1 inclx in length. The 



h 



ovcr-aUL of tlic assor.iblod cone ijas $»7h inches. 

A set of five cone tips ;joro nado, four of ;ji;ich iiad a oifit^lo 
pressure oi±fice IcKVited at various distances from tiO apox, Tlie fifth 
tip had two orifices. ITio orifice locatior^, rneasured along a ray of 
tSio coiKJ xatSi origin at the vcrtcc:, viore as follows s 



Orifioo 



Location 



1 

2 

3 

h 

5 

6 

7 

8 
9 



. 098 '' 

. 128 " 

.17U« 

. 250 " 

.392" 

. 696 " 

1.570" 

2 . 780 " 

U.OOO" 



Additional orifices vrero installed at 90® intervals around tlio circum- 
ference as shoim in Fig. 2. A tiismocouplo xias located U.5" froi the 
apex. 

Orifice dlauetere for tlie cone tips were of necessity very small, 
ranging from .OOU" for the firat to .013" for the fifth. Orifices 
anstallGd on tlxo cone fnstrum vrere .027". Specifications are listed in 
Fig. 2. 

The model was machined from stainless steel, and polished. Tlrs 
cone ti{)S \tero surface finished after assaibly, so tliat the joint ijos 
quite smooth. Uie model was supjwrted by a hollovr sting anproxlriatcly 
lli" long aiJd 'j" in diameter. Tubing was led out through the sting. One 
orifioe was installed in the stiog very near the base of the cone to 



dotonnino tlie base pressure* 

Tiie model installed in tlio tunnel is shown in Pig. U. li'.e sting 
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vac fitted iirto a collar, socuiiod by cot scre;;s, and £)uopendcxi frai a 
pair of vortical actmtors vjliic’a could to positionod bj controls outside 
ths tunnel, Tliis pomitted 1*10 nodel an(;lo of attack to be adJ\4Jted, 

In adeJition a snail ndjusteicnt in yai£ was possible. 

Leak tests vicro conducted boforo eacli run, Une responses of tao 
snail orifices were quite lone* 

D, Tunnel Calibration 

Static prossuros in the t^Jnncl werc noasured by orifices installed 
along the top and .botton nosalc blocks, I’hose V7ere conpared irith ori^^inal 
nozzle calibration data for each rm. Also sttitic pressure sur/ej’s v.’cre 
nado over the test ihonbus to deter. line ojd.al static pressure variations j 
measurernont of tiumel s•tag^^ation pressure mth tlie assumption of isen- 
tropio flou pemittod dete-.nination of free stroan r»acli nui.nbcr, 

A plot of t-onnol c:.pty static pressure over the region occupied 
by the nodel is sho;jn in Fig, 12, 

E, Tost Procedure 

1, Static Pressure Distriiiution 

!I!ie model was installed on tJ-ie tun el centerline as shown iti Fig, 

U, TJic distance beti;eon the Ixiso of tJie cone and the support collar was 
3* 5”* Tho orifices located about the ciremfororoe i;ere used to position 

t 

tlie nodel at zero angle of attadc. Tests were conducted as follows s 
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F^Cpsic) 


Rc/in 


22 !J 


60 


23.2 X 10^ 


225 


32,6 


12,1 


225 


10 


6»6 



A sclilieran photo^jraph talaon dvirinj the ’test is oho^ra in Fij, 5, 
2» Additional Tosto 

Tests irere also conducted tilth tho nociol located off tJie center- 
lino and at difforent axial positions, The distance bettioen ttio base of 
tlie cone and tiie collar tjas at first sot at l,^"j tho collar tJien 
installed vcss 1” in diameter. At tl’Js position a pressxirc rise tias 
noted ovor tlie last two orifices, A net? support collar 3A” diainoter 
tias installed and the distance f it>n base to collar vias inercased in 
increments. Beyond 3*5” tliore seaned to be no effect on tlie last tvio 
orifices so tlie coac location vins fixed at u;is point. 

Tests at abot'e and belovi the centerliao si*oi;ed no appreciable 
chan{;c in the pressures sensed at the orifices. 

At Pq “ 80 psic tho iUiclG of attack tras varied over a snail ran^:© 
of tlrreo de;:rees in one dei^roc incronents to dotonrino ti)e effect of yau 
on pressure distrib.ition. 
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in. q? ict^ulk 

A. Surfaco Presauro Dis'tri.bi\tion Data 

Tlie P2S3SSUK3 riiotr^.butions arc proaaited in Figs. 7 to 10. The 
data tjuo plotted ixi tixo foDloiang rnniier: firat, as tic ratio of Measured 
proosure to stagnation pressure versus the linear distance along a ra/ 
of tiie conoj and second, os ti"iO per cent pressure rise above tie theo- 
retical inviscid preosiue veisus the poraioter 1/ • Reynolds mn- 

bor uas based on tl;o local canditions on tlie cone and on the distance 
fion tlie apex* Tiio theoretical inviscid surface pressure to stagnation 
pressure ratio \fos corputod by taking the tunnel onpty survey data 
correspoudinjj to a point on tlie cosie and calculating the conditions 
be’iind the conical shock* Has gave the inviscid pressures siioim in 
Figs* 7, G, and 9* 

Hie plot of induced pressure increient shows a naxinua induced 
preosure rise of approxbi.itoly for tiie loxiest Re;ynolds number tested* 
T]ie scatter at the higiier values of stagnation pressiares was rather 
snail, but uas considerably larger at the lonest pressure. Itespoiise 
ti^ies were quite long for tiio tip orifices, requiring approxinatcly one 
hour for eacli point* 

The plot against 1/ yitexg seened to bring the data at the various 
stagnation pressures into good at;roernont* IlOTrever, xjiien extrapolated to 
infinite Reynolds nmbor, the plot passed sliiyitly belou tfie inviscid 
pressure* The initial tests at different axial positions indicated tint 
the nodol support ijos influencing tie surfaco pressure near the base, 
but nodification of tlie su{iporb collar and increasing tie distance 
fren the cone base to support at least decreased tld^j effect, /iltliougii 




■m- 
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IkulcinQ (Ref* 8) indicated the oup’^ort interforonoo could possibly 
30 felt for otrhic; lai£;tlis loss t-u’zx seven inchea, the ixiysical llnit- 
ationo and ot..Gr concidoxatiosis provoirted the location of the r.odel vritla 
tiiia len^jth of otdjig* Base pressures .measured during tiio tests were 
coiisidorably lovror than the surface pressures at tl« orifices nearest 
tiro base# Ifamitt and Bogdonoff (Ref. 0) noted a siriilar effect on 
pressures near tlie base of a cone during tests in liolium at Ilacli nuiber 
13} it xias attributed to trailing edge ±lst\rrbances propagating foixjard 
through Uic boundary layer* 

Tug t.ickneso of tljo loading edge of a flat plate lias been shoxci 
to GKiert sono influence on the induced pressure* Since tlio effect of 
the radius at the apex of the cone is probably sinrllar, a nicroscopic 
e:3xdnation of the cone tips xjas node uhidr saoirod soae inaccuracies* 

Sone mcrc^hotograplrs of the tips arc slioun in Fig, 6* Hio diaieter at 
the apex of tliree of tlie tips iras rv3proxir.ately *001'*} orie liad a diaieter 
of approxir lately *0015” and the last liad a dianeter of .0003”* Tiiecc 
distances i;ere ten to twolvo tir.ies the i.sean free path of tlio flov? at 
Pq 10 psig, accept tiro latter wiiidr uao about fovj* tines near*, free 
path* In addition the a-ngles vrere not exact very near tire tip. It 5s 
considered probable tlrat tliesc inaccuracies account for saic of tre 
scatter, especially at tie lowest value for P^, 

The effect of yar on the cor^ was least ninir.risod ly ad;3ustirrg tire 
position of tiio cone so tlrat tlra pressures at tne dianotrical locations 
were equalised* Horever, a tunnel survey shotrod tiiat snail variations irr 
flow direction existed in tiro tost iSronbis, 






B» Gonparison xrith TI:Gor/ 



A number of attests I’^vo boon nade to treat thoorotically the 
prob3.en of Jypoitionic bouiidaiy layer-shock wave interaction* LLn, 
Schoaf, and Siioiriar. (Ref* 1) devolopod a sir^le relation for tlie Ijiduccd 
px*ossurc distribation by usinc "dio linearized solution given by Laitone 
(lief, 11) for flow over an infiiiito slender body of revolution, a^id 
applyin^^ Dxi tangent co:u3 appirodbiation to the eexposite body of cone 
pl\ 2 s tae boundary layer dioplaccnont thickness, 'ialbot (Ref* 6) cesa- 
pared tlieir results uitli data obtained for low dojisity flow over a 5° 
cone at a noninal Mach nuibcr of U*0, 2ie Hnitations of t'.is t.eory 
were quit© severe hotrevor, and it was not considered applicable to tiis 
ojpori-icnt. 

The tlieorotical work of Lees and Pirobetain seonod to offer a 
better basis for cojiparison# Probstein (Ref* 9) considered the probloa 
of t!ie steady hyperscKiic viacoto floir over an unyarjed cone* 'ihe case of 
•Hrcalc” interaction was troatod, v/hero it was asawsed taat t^ie f'.od^ 
exerted o:xlj' a saall ino.’luGnce and tlio iixluood prevssuro viore 

consider\3d to bo jxjrtuibations on a vauLfom flow. It was pointed out 
t.at, in ge:ieral, a rotational characteristics computation would be 
reqxd.rod to corputo the invlscid pressure field. However, tixe tangent 
cone approxl”uition was adopted, and tlio pressure was written as a 
Taylor’s series expansion in povjers of dgV'fJC as follows: 




-f 

2 ! 








( 1 ) 



— Z I -4^ -J — 
hi ' {hi/H) 
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Tie ciiari{:o of clisplaco cut tfiickneec, foi' seit> pressure 

l^rtidicnt i;as then calculated as tlio first step in an iteration process, 
uas o-;tainod for a bodi'- of revolution tjy usinj^ tho lum^lor 
transfomation and was Given \rj 




iriieze the (luantitios and \rara the boundaiy L'^or paranetor defined 
as a function of thn cas properties, and "tiie p ro]X3 rtionali ty constaiit 
in the assvnod viscosity-tosTporature relation, respectively. For air, 

Cp was approxiriuitely equal to unity (Ref, 10), Also for an insulated 
body with Pr “ *725> d^, uas civcsi by tlio approccir.iatc relation 

d^j ~ ,5^ ( r - 1 ), 



It was also pointed out t.<.at tlio coefficients of in Fq, (1) 

could \e evaluated nuncrtcally fron the Inviscid TayloivnaccoU solutions, 
Ibtvcvcr, for values of tlio hv-^xirconic siirdJLarity parameter K «“ H Bq ^ 1, 
alGobraic relations vEre obtained for tiie coefficients as functions of K 
and Y • F^q* (1) iKis tlien iriltton os folloi-js: 

PjAji - 1 ^ Xo ^ (3) 

where the induced pressure field paraneter defined by 

Xo " yn^ 

T.iq f motions Fj^(K) and x^ere computed and plotted for 

K > 0,5s however, ttio aiproximtion vjas not considored satisfactoiy for 

K <1, 







A 
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?Iic accurac^.' of t:.c coiie apprxcciiiatioa wjs e;ci;'.itied trj 

Lees in P.ef, 12* esD.^jarir^., die taij;cnb cone apprx»d;'iation vrith 
ciiaractcristics solvtioiis a firat order "correction factor", ^ , ves 
cvaltiated for variLotic values of K* A in.s defined 



A- 




(U) 



For pvsrpocos of con;oarison uith this e:cporincnt, Eq. (U) nns 
applied to Eq, (l), Ciivin[; (drq^piiic higher order toaas) 



J_ ^ I 

fii lie J (.JY 



M 






( 5 ) 



or in tems. of the pararjeter ^ • 



/I.- 










iiil 

d e 



d* j2l1 Y 
{T Mt ) 



(5a) 



In tliis e:<pcri ent K = 0*5j in vier./ of the fact that t.o fu-ictions 
Fj^CK) cffid hold for K 4 1 the coefficients of ^ 

Eq, (l) vrero calculated nunerically hy lief, 7* Mo and Re,. ;rore based on 

C, 

local conclitions "far'* dorTOstiean fron tire cone apex, \ , obtained 

fror .1 Ref. 12, tras 1,19, Eqs, (5a) aid (1) (first order toms) are 
cosiparod nith the ojqjeriiontal date in Fie* 11, In general tie data 
is sorjQuliat hichor than theoretical predictions. As :;;aitioned previovcjy 
the cone tips uore not perfectly sharp; all iiad finite r’adii at the apex 
xrhich i;cre creator tian the nean free path, Ha^iinitt and Bogdonoff in 
Ref, 5 state that the e:qierij;iontal realisation of a sharp leadiiv: odqo 
riiciit be obtained if the loadinc edge radius \tqtq a snail porco toge of 



w-io r.c.u". Tree .oe u;c t. cor/ does :\o\, uj.icddor tie effeco o:? a 

finite rad_\’^ at t.:o cov.c ap<x: or t^c c .'fect of a radical ciiui/e i.i tlie 
sliapo of tliG cl;ocC: ’.;avG in tio viciiiit/ of d.o apex, tiiin rooult in not 
ix'ic^aiccted* 



r.3 



IV. CO rj,ii’.ioiE 



'iio reaulto of the invostication of p:x3ssuit3 distii.tration on a 
^ cono at a na dnal Ilach n\n±or of 5*8 indicate t!ie followinc: 

(1) Tlie irjduood t)Hd satire was approidnatoly j^roator than 
•Uieoretical inviscid pressure for tlte lowest Reynolds mribor tested* 

(2) Tho use of tie paiureter 1/ correlated the data takcit 

at variaas stagnation prose uros quite well* 

(3) The neasured preesuros nearest tto apex, wore sonewiiat hij^hor 
tlusi dteoretically prodictod pressures* Tho uols’.own influence of tto 
rocion in the I'siodiate vicinity of the apox points to tie need for 
furtlior toots to dcteriaino Utis effect* 
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ACCV?AC'I ;j!/XYS3B 

I lafpii-t-ixlcs of randan errors wo 1 x 2 eotrnatod tj/ considering 
reprodticibility of olr>civationo, oeiisitivity of ‘tlic scale, aid associated 
reading errora* For tlie ojqicri’ientallj'' neasured quantities tliese errors 
vrere as follov.’s; 



^^easurencnt 



Eetinatcd Ikacinun Error 



Surface pjossui'o, pg 


iO.U m Silicone 


Stagnation pressure, 


less tiian 0,^ 


Tunnel static pressure, 


^.2 nn Silicone 


Tlie accuracy of the coraiiuted values based on esti'nated 
individual noasuronente is an follows: 


Quantity 


ilaxiiun Ener 


Pressure ratio, P 2 /P 0 




Pressure ratio, P2^Pq 


i2 


Reynolds nunbor, Ro 


c' 

-1 p 


Xc 


-t: p 
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SCHEMATIC DIAGRAM ^ COMPRE: 

OF GALCIT 5x5 in. HYPERSONIC WIND TUNNEL INSTALLATION 
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Fig. 4 



STATIC PRESSURE MODEL IN HYPERSONIC TUNNEL 
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Fig, 5 SCHLIEREN PHOTOGRAPH OF CONE 
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Fig. 6(a) 
Tip No. #l 
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Fig. 6(b) 
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Fig. 6 



MICROPHOTOGRAPHS OF CONE TIPS 
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FIG. 7 STATIC PRESSURE RATIO VERSUS DISTANCE 
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FIG. 8 STATIC PRESSURE RATIO VERSUS DISTANCE 
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FIG. 9 STATIC PRESSURE RATIO VERSUS DISTANCE 
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FIG. 10 INDUCED PRESSURE INCREMENT VERSUS 
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COMPARISON OF INDUCED PRESSURE WITH THEORY 
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FIG. 12 STATIC PRESSURE RATIO ALONG TUNNEL CENTER LINE (TUNNEL EMPTY) 
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Visccus effects on static 
pressure diotrib' tiv n a 

slender cone at a ncirdial M. ch 
niunber of 5.6. 



